We present a robust implementation of a fiber-based, single-mode, common-path interferometer assisted by multimode interference effects in which light is efficiently collected from larger coherent regions while maintaining a high signal-to-noise ratio. 
Introduction
The interferometric detection of optical signals requires spatial coherence in order to provide the largest contrast. It is well known that a spatially coherent measurement results in the largest signal-to-noise ratio (SNR) while a partially coherent one can provide stronger signals and better means for proper spatial averaging, at the expense of the signal quality [1] . In the context of fiber-based implementations of different interferometers, such as OCT for instance, the spatial coherence is inherently preserved by the use of single-mode fibers (SMF), which play the role of a small aperture for spatial filtering and, at the same time, permit coupling the scattered energy onto a single propagating mode. However, when using SMF-based interferometers, the signal is practically collected only from a small region of a sample, which is determined by the size of the core of the SMF and the spectral properties of the light source. This imposes some significant limitations on the strength of the signal measured, especially in situations where a weak scattering signal is generated by 'inefficient' scatterers (with small scattering cross section), or by low particle number densities, which, additionally, limits the applicability of the traditional statistical tools for signal analysis, e.g. the central limit theorem.
In this paper, we report on a variant of a fiber-based, single-mode common-path interferometer that is assisted by multimode interference (MMI) effects through the use of a multimode sensing tip. We use a common-path interferometric configuration operating in reflection where effectively larger detection regions are generated in which spatial coherence is preserved. In our new design, the interference of the multiple modes in the multimode fiber (MMF) is the mechanism that allows 1) spreading the initially well confined energy of the single-mode over larger areas at the distal end of the MMF where spatial coherence is preserved, 2) collecting light over extended areas due to the larger core of the MMF, and 3) providing the means to back-propagate the collected light to the small aperture (core) of the SMF. We experimentally demonstrate that by designing a MMI device at the so-called fractional self-images one can obtain similar signal quality of the purely single-mode scheme, with the difference being that the signals come from effectively larger regions of interaction with the dynamic system under study.
Experiments and results.
In our approach, we make use of MMI phenomena in a single-mode common-path interferometer by incorporating a multimode sensing tip in a fiber-based dynamic light scattering setup operating in reflection, as shown schematically in Fig. 1(a) . In this configuration, the portion of the (dynamic) field that is scattered by the complex system and is coupled back to the MMF, E (s) (t), can be measured through the heterodyne amplification resulting from its interference with a (static) reference field, E (r) (t)=E (r) , which is determined by the inherent Fresnel reflection at the end-facet of the fiber. Additionally, the use of low-coherence radiation limits the maximum depth, lc, from which coherent scattering can be collected. Effectively, the optical signals come from a picolitter-sized volume where single scattering amply dominates.
Since MMI phenomena are involved, the length L of the MMF cannot be arbitrarily chosen. For instance, in Fig.  1(a) we illustrate a numerical simulation of the SMF-MMF structure of our interest (SMF with core diameter of d = 6 μm and numerical aperture of NA = 0.12, and a MMF with d = 62.5 μm and NA = 0.22, 0 = 670 nm) [2, 3] . The reason for choosing the right length of MMF is that the interfering fields are filtered in both phase, due to the interference process in the MMF, and in space, due to the small aperture of the SMF. Thus, we propose the use of fractional replicas [4] , in the range , as shown in Fig. 1(b) , in order to maximize the effective interaction area while preserving the spatial coherence, and still being able to collect light efficiently through the SMF. Fig. 1(b) shows the total scattered power measured i.e., total energy in the power spectrum of the light intensity fluctuations, P(f)df, from a colloidal suspension of polystyrene particles (ThermoFisher; nominal size of 360 nm , for different lengths of the MMF. The error bars represent the standard deviation in the calculation of over the eleven spectra measured per data point. The resonant behavior shown in Fig. 1(b) , which demonstrates the filtering properties of a MMI device in the direct domain i.e., length, is equivalent to the filter-like response observed in spectrally operated MMI devices [5, 6] .
Finally, Fig. 1(c) depicts typical power spectra (averaged over eleven raw spectra) measured for different lengths of the MMF around the resonances shown in Fig. 1(b) , which correspond to values of p=¼, ½, and 1. The power spectrum measured with a purely single-mode scheme (p=0) is plotted for reference. In all cases, the dynamic information of the random media e.g., the diffusion coefficient of the colloidal particles, which is extracted directly from the characteristics of the power spectra measured, can be accurately retrieved.
Conclusions
In essence, the core of our sensing scheme remains a robust implementation of an in-fiber, single-mode commonpath interferometer. However, the interference of multiple modes in the MMF sensing tip allows having larger detection regions where spatial coherence is preserved. In this way, the proposed architecture provides, simultaneously, the best features of both purely single-mode and purely multi-mode setups. More specifically, by assisting the single-mode DLS technique with MMI capabilities, it is possible to collect light efficiently over larger coherent regions while maintaining a high SNR due to the spatial filtering of the SMF. We designed and fabricated fractional MMI devices within the first single self-image of the field i.e.,
, and we tested their performance on a standard model system. We demonstrated that with these SM-MM hybrid structures one can measure the ensemble dynamics of complex systems over effectively larger regions while preserving a signal quality that is comparable to that of a purely single-mode scheme. This can be advantageous in situations of extremely weak scattering, such as those typically for biological systems or gel-like, optically transparent materials [7, 8] , where being able to detect stronger signals with large SNR is critical.
